We have developed a mathematical model that describes several aspects of agonist-induced Ca2+ signaling in single pituitary gonadotrophs. Our model is based on fast activation of the inositol 1,4,5-trisphosphate (InsP3) receptor Ca2+ channels at low free cytosolic Ca2+ concentration ([Ca2+Ji) and slow inactivation at high [Ca2e+]. Previous MATHEMATICAL MODEL Recent experimental findings support the kinetic scheme (Fig. 1A) for our model ofagonist-induced calcium dynamics. The essential elements are as follows: (i) the ER is the primary intracellular Ca2+ pool; (ii) the IP3R channel is a major physiological pathway of Ca2+ release from ER into the cytosol (14, 15); (iii) Ca2+ uptake into the ER is modulated by a Ca2+-ATPase (16) tTo whom reprint requests should be addressed.
and slow inactivation at high [Ca2e+] . Previous work has shown that these gating properties, when combined with a Ca2+-ATPase, are sufficient to generate simulated Ca2+ oscillations. The Hodgkin-Huxley-like description we formulate here incorporates these different gating properties explicitly and renders their effects transparent and easy to modulate. We introduce regulatory mechanisms of channel opening which enable the model, both in the absence and in the presence of Ca2+ entry, to give responses to a wide range of agonist doses that are in good agreement with experimental findings, including subthreshold responses, superthreshold oscillations with frequency determined by.
[InsP3], and nonoscillatory "biphasic" responses followed occasionally by small-amplitude oscillations. A particular added feature of our model, enhanced channel opening by reduced concentration of Ca2+ in the lumen of the endoplasmic reticulum, allows oscillations to continue during pool depletion. The model predicts that ionomycin and thapsigargin can induce oscillations with basal [InsP3J and zero Ca+ entry, while Cae+ h4jection cannot. Responses to specific pairings of sub-or superthreshold stimuli of agonist, ionomycin, and thapsigargin are also correctly predicted. Since this model encompasses a wide range of observed dynamic behaviors within a single framework, based on well-established mechanis, its relevance should not be restricted to gonadotrophs.
Several theoretical models (1-4) have been proposed to explain how agonist-induced oscillations of Ca2+ concentration (5) might arise. Here we focus on a specific cell model system, the female rat pituitary gonadotroph. The physiological agonist of these cells, gonadotropin-releasing hormone (GnRH), or intracellularly injected inositol 1,4,5-trisphosphate (InsP3) triggers a wide repertoire of Ca2+ responses (6-9), including (i) a subthreshold (nonoscillatory) response, (ii) a superthreshold (oscillatory) response composed of base-line spiking with the frequency depending on [InsP3] , and (iii) a biphasic response with a prolonged plateau followed by an oscillatory or nonoscillatory tail occurring at high agonist or InsP3 stimulation (10) . Furthermore, (iv) oscillations in Ca2+-deficient medium persist during endoplasmic reticulum (ER) Ca2+ depletion (10, 11) ; (v) initiation of Ca2+ oscillations is independent of Ca2+ entry (the first phase), but entry is required to sustain oscillations ofreduced amplitude (the second phase) (11, 12) ; (vi) oscillations are also observed in response to thapsigargin (TG) or ionomycin (lono) in the absence of agonist and Ca2+ entry (10) ; and (vii)
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. intracellular injection of Ca2+ per se is unable to initiate oscillations, consistent with the ryanodine insensitivity of Ca2+ responses in gonadotrophs (8, 10) . We develop a mechanistically based mathematical model that reproduces these experimental observations. Our explicit comparisons here of simulated and experimental responses demonstrate that the model's basic mechanisms are sufficient to account for a wide range of agonist-induced Ca2+ signals.
MATHEMATICAL MODEL Recent experimental findings support the kinetic scheme (Fig. 1A) for our model ofagonist-induced calcium dynamics. The essential elements are as follows: (i) the ER is the primary intracellular Ca2+ pool; (ii) the IP3R channel is a major physiological pathway of Ca2+ release from ER into the cytosol (14, 15) ; (iii) Ca2+ uptake into the ER is modulated by a Ca2+-ATPase (16) ; (iv) [Ca2+]i is responsible for both activation and inactivation of the IP3R channel (14, (17) (18) (19) (20) (21) ; (v) the rates of active Ca2+ transport through Ca2+-ATPases and the Na+/Ca2+ exchanger are Hill functions of [Ca2+]i (16, 22) ; and (vi) Ca2+ flux through the IP3R channel is enhanced at low [Ca2+]r (10, 23 (26): open probability is a product of activation and inactivation factors. The models are qualitatively equivalent in the limit of fast activation by InsP3 and Ca2+ (27 [Ca2+]i responses similar to those in Fig. 5 have also been obtained in gonadotrophs that are voltage-clamped at a depolarized level (11) . This observation led us to model Ca2+ entry by using a constant value for the influx term (Jm,in) without providing a detailed description for the dynamic voltage-gated influx (11, 12) . The reasonably good agreement in Fig. 5 Regulation of IP3R channel conductance by luminal Ca2+ is necessary to account for the pool-depletion-associated transitions in the agonist dose response of gonadotrophs in Ca2+-deficient medium. Sustained leakage of Ca2+ to the extracellular medium greatly reduces the driving force across the ER membrane such that, without appropriate compensation, oscillations die after only a few cycles instead of lasting for minutes. The compensating source must be intracellular, since Ca2+ entry is absent. In our view, an enhanced channel opening at lower [Ca2+]r is a plausible mechanism that is supported by recent experiments (10, 23) , and indirectly, by the results presented here.
The key gating features of the IP3R channel are contained in the equilibrium fraction of open channels, O., which correctly reproduces the experimental bell-shaped dependence on cytosolic [Ca2+] (cf. Fig. 1B ). In our model, the exact shape and location of the bell-shaped curve, however, were assumed to depend on luminal Ca2+ and InsP3 to achieve good agreement with experimental dose-response properties ofgonadotrophs. Although these choices are plausible, based on experimental findings in other cells (14, 21) they may not be unique. While our computed results are insensitive to small variations in the parameters characterizing those curves, significant changes in those parameters lead to significantly different Ca2+ responses. We believe this sensitivity is a strength of our representation of IP3R channel gating properties, which should be applicable to other cell types, such as Xenopus oocytes (21), for which channel gating data are, or may become, available.
In addition to these gating properties, oscillations depend crucially on the activity of ER Ca2+-ATPase to ensure repeated exchanges of Ca2+ between the cytosol and the ER. The ER Ca2+-ATPase provides the primary driving force during the initial phase of Ca2+ oscillations. However, as the internal pool becomes depleted, Ca2+ entry serves as an additional driving force to maintain the small-amplitude oscillations. However, the ER Ca2+-ATPase is still an important element of the oscillatory mechanism, since oscillations can last for a few more cycles after Ca2+ entry is cut off (11) .
We found that a third type of [Ca2W]i oscillations can also arise in our model, namely the biphasic response (in Fig. 5 Left bottom tracing) can repeat with a period of several minutes if sufficient Ca2+ entry is maintained. In this case, Ca2+ entry provides the major support, since oscillations cease if entry is blocked.
In conclusion, our model successfully reproduces a wide range of agonist-induced Ca2+ responses, including the dosedependent dynamic transitions observed in pituitary gonadotrophs. It in Fig. 2 , except that now a constant Ca2+ entry tes) (iin = 0.175 ,uM) is taken into account.
